For the first time we present electronic band structure and density of states for nitrogen doped hexagonal ultrathin boron nanotubes in the framework of density functional theory. The considered models of nanotubes below 5Å diameter are armchair (3,3), zigzag (5,0), and chiral (4,2). The impurity chosen for the study is nitrogen and concentration of impurity atoms is limited to two. The study reveals that (3,3) BNT retains its metallic nature after nitrogen doping. However, metallicity gets increased which is attributed by the excess electrons of nitrogen. Further, it also brings out that (5,0) BNT which is originally metal transforms into semiconductor after nitrogen interaction and the band gap at G point increases with the impurity. Moreover, the band gap of (4,2) BNT reduces significantly and turns into semimetal for nitrogen doping. Thus, the nitrogen impurity has the predominant effect on the electronic properties of BNTs and therefore can be regarded as suitable candidates for nanoelectronic and field emission devices.
Introduction
The realization of carbon nanotubes (CNTs) has fascinated the vast community of researchers because of their intriguing physical and chemical properties [1] . The CNTs were found to be either metallic or semiconducting depending on the chiral vectors ( , ) of the lattice [2] [3] [4] and showing good electrochemical properties [5] [6] [7] [8] . Therefore, many material scientists were urged to shed light on the applications of CNTs in electronic devices such as field effect transistors and field emitters for which tailoring and control of electronic properties become extremely critical [9, 10] . The main problem with CNTs is the inability to control the chirality which has not been resolved since their discovery. However, these problems can be resolved by using another material, that is, boron. The boron nanotube (BNT) was first proposed by Boustani et al. [11, 12] and subsequently Ciuparu et al. [13] synthesized the pure BNT of diameter 3 nanometer (nm) on Mg-MCM-41 catalyst that confirmed the existence of BNTs. The synthesized BNTs were found to be metallic irrespective of chirality. It is considered that BNTs are formed by rolling up the boron sheets (BS). Unlike the hexagonal graphene sheet, the boron sheets have various conformations, namely, hexagonal, triangular, and hybrid hexagonal-triangular ( -sheet). In addition, -boron sheet was found to be the most stable followed by triangular and hexagonal BS [14] . TheBNTs [15, 16] were predicted to be metallic for diameter ≥17Å and semiconducting for diameter <17Å. Moreover, armchair (3, 3) and zigzag (5,0) -BNTs were found to be semiconducting with small band gap and transformed into metallic when axial strain is applied [17] . Similarly, triangular BNTs are found to be metallic irrespective of diameter and chiral angles [18] . The CNT-like BNT has been proposed by Zhang et al. [19] and Jain and Srivastava [20] independently and they stated that BNTs are not limited to hexagonal pyramidal structures constructed from the so-called Aufbau principle, and, alternatively, it is proposed that the thinnest BNT may be a geometrical analog of the corresponding CNT. Crystalline BNTs were synthesized first time by thermal evaporation method [21] and revealed the perfect single crystal having tetragonal structure with their growth direction along (0 0 1). Further, it was investigated that BNTs are more conducting than those of CNTs [22, 23] . The stability of BNTs changes significantly for small diameter and observed the most stable one of diameter 0.39 nm with distorted hexagonal structure [23] .
Advances in Condensed Matter Physics
The chemical doping of nanostructured materials is a possible route towards controllable modification of electronic properties and enhancing stability. Therefore, doping may be implemented by intercalating foreign atoms into the open space or by substituting the host atoms. The first synthesis of nitrogen doped CNT was reported by Glarup et al. [24] using arc discharge method. However, direct growth of nitrogen doped single wall carbon nanotubes (N-SWCNTs) by chemical vapour deposition (CVD) could be a preferable growth method for the device fabrication. Most of the nanotubes grown by CVD were multiwalled with bamboo shapes [25] [26] [27] . Recently, Villalpando-Paez et al. [28] synthesized nitrogen doped-SWCNTs at 950 ∘ C by CVD using a solution of ferrocene, ethanol, and benzylamine. However, the growth temperature is too high for the method to be adopted for device fabrication. In addition, the N-SWCNTs have been synthesized directly on SiO 2 /Si substrate at 450 ∘ C by water plasma chemical vapor deposition and have diameter in the range of 0.8-1.6 nm whereas the imperfection is decreased with the increase of nitrogen concentration [29] . The dopant nitrogen atom can be displaced more easily than the host carbon atoms [30] . Moreover, the enhancement of density of states (DOS) at Fermi level for N-doped CNTs reflects higher conductivity [31] [32] [33] . Therefore, the above N-doped experimental and theoretical investigations instigate us to explore the effect of N impurity on boron nanotubes (BNTs). The structural stability of N-doped BNTs has already been studied in our earlier work [34] and found energetically more stable as compared to pristine counterparts. It is our natural choice to use nitrogen impurity for present investigations as it has the size almost equal to boron atom. In this study, we have taken three morphologies of hexagonal SWBNTs, namely, armchair (3, 3) , zigzag (5,0), and chiral (4,2), consisting of 12, 20, and 56 atoms, respectively. The current investigation deals with the ground state energy of relaxed structures of N-doped BNTs and thereby electronic band structures and density of states.
Computational Methodology
The pseudopotential plane wave calculations have been performed for determining electronic properties of small diameter BNTs. The nitrogen atoms substitute the host boron atoms in the middle of BNTs with the doping concentration limited to two atoms. The positions of substituted atoms are illustrated in Figures 1 and 2 , respectively, for one nitrogen atom (N1) and two nitrogen atoms (N2) substituted BNTs. OA and OB represent the cross section while OC is along axis of the tube and periodic along axis. The diameters of these tubes are taken as 4.60Å, 4.78Å, and 4.87Å for (5,0), (3, 3) , and (4,2), respectively. However, it is expected that the diameter might change after optimization. The total energy of ground state is calculated by DFT based CASTEP [35] simulation tool. The plane wave cut-off energy is set to be 320 eV. The exchange correlation effects are described by generalized gradient approximation (GGA) [36] proposed by PerdewBurke-Ernzerhof (PBE). The integration is performed in the first Brillouin zone [37] by using the k-points generated by 1 × 1 × 8 grid parameters. The ultrasoft pseudopotentials are used in the reciprocal space [38] for optimizing the geometry. However, the structures are optimized until the force on each atom becomes smaller than 0.03 eV/Å. The intertubular distance is set to 10Å in order to avoid periodic image interaction. The B-B bond length is chosen to be 1.67Å before optimization. Moreover, the considered calculations are non-spin-polarized.
Results and Discussion
The electronic band structures of N-doped hexagonal ultrathin boron nanotubes have been calculated and compared with pristine BNTs [20] , CNTs [39] , boron nitride nanotubes (BNNTs) [42] , and SiC nanotubes [40] of same chiral vectors and summarized in Table 1 . It is evident from Table 1 that zigzag (5,0) and armchair (3, 3) CNTs are metallic while chiral (4,2) is semiconducting with narrow band gap. Similarly, BNNTs and SiC nanotubes were found to be semiconducting with large band gaps. In addition, armchair (3,3) and zigzag (5,0) hexagonal ultrathin BNTs are metallic and chiral (4,2) was found to be semiconducting with narrow band gap [20] . Besides, the electronic states are observed near the Fermi level giving high conductivity. The availability of the electronic states near the Fermi level increases with impurity which results in high conductivity. Furthermore, 2p electrons of N hybridize with the 2p electrons of B; thereby the band structures get modified. It is also observed that the charge is transferred from boron (B) to nitrogen (N) atom which may be the reason of additional states in the vicinity of Fermi level. These additional states are responsible for altering the properties. The nitrogen doping has predominant effects on electronic properties of nanotubes. Therefore, they are modified after nitrogen doping as illustrated in Table 1 The structural stability was predicted high for n-doped BNT in comparison to pristine ones [34] . Moreover, it was also predicted that the stability increases with impurity concentration. The chiral (4,2) BNT was found to be the most stable followed by armchair (3,3) and zigzag (5,0). The same trend was also noticed in CNTs [39] and BNTs [42] of the same chirality. However, the difference in cohesive energies was very small which indicate that they are almost equally stable. Moreover, after nitrogen doping, the stability of BNTs becomes comparable to other BNTs formed from triangular, -, and hexagonal boron sheets [43] .
Armchair (3,3) Boron
Nanotube. First of all we present the electronic band structure of single nitrogen atom (N1) doped BNT as depicted in Figure 3 . It is evident that two for conduction and extra energy state is produced by the additional electrons of N impurity. However, in our earlier work [20] , we demonstrated that only one state crosses the Fermi level. In addition, the corresponding DOS is illustrated in Figure 4 . The DOS profile shows a high peak at the Fermi level which ensures the metallic behavior of N1-doped (3,3) BNT. The value of DOS at Fermi level is high compared to pristine one. Moreover, large numbers of free electrons are available in the vicinity of Fermi level. Here, peak of DOS is located at Fermi level which means valence band is filled. The high value of DOS at Fermi level represents high conductivity and chemical reactivity. Thus, the armchair (3,3) BNT after N doping becomes more conducting as evidenced by Figures 3  and 4 . It is also noticed that band structure and DOS profiles are in good agreement with each other. Again, the concentration of impurity increases to two atoms, and the corresponding band structure and DOS are 
Zigzag (5,0) Boron Nanotube.
In this section, we present electronic properties of N-doped zigzag (5,0) BNTs. The band structure of N1-doped BNT is shown in Figure 7 . The band gaps have been examined at different symmetric k-points and found to be semiconducting. The band gap at the most symmetric point G is observed to be 1.11 eV but 0.84 eV at another symmetric point Z. However, an indirect band gap 0.41 eV is noticed somewhere between G and Z. The DOS for the same is depicted in Figure 8 . One can notice a sharp peak near the Fermi level in the valence band (VB) which ensures that the VB is not filled. However, more electronic states are localized in the vicinity of the Fermi level and provide large free charge carriers. In addition, the band structure of N2-doped (5,0) BNT is demonstrated in Figure 9 . As the content of N increases, the free electrons also increase thereby affecting the band structure. The modified band gap at the most symmetric point G is observed to be 1.19 eV but 0.59 eV at another symmetric point Z. Despite symmetric points, the band gap 0.38 eV is noticed somewhere between G and Z. The DOS of the concerned tube also defenses the semiconducting nature as evident from Figure 10 . Thus, the doping of N in this convolution has remarkable properties and is found to be semiconducting in contrast to metallic one, as observed in pristine form. This transformation may be caused due to the charge transfer from boron to N atoms. As the concentration increases, more charge transfer takes place but the difference observed in the band gap is meagre. It is also evident from Table 1 that zigzag (5,0) BNT and CNT are metallic while BNNT and SiCNT are semiconducting. In our study, it is found that the N-doped zigzag (5,0) BNT has the band gap lying between SiCNT and BNNT. Thus, these remarkable properties are very suitable for nanooptoelectronic devices. 
Chiral (4,2)
Boron Nanotube. The electronic band structure of N1-doped chiral (4,2) BNT is shown in Figure 11 and found quite different from achiral BNTs. Here, the energy bands are flat that correspond to large effective mass and high conductivity. None of the energy states cross the Fermi level and have explicit band gap of 0.16 eV at central symmetry point (G). The band gap at Z is 0.34 eV but 0.101 eV somewhere between symmetric points G and Z. In contrast, the band gap 0.43 eV was observed for pristine chiral (4,2) BNT. After introduction of impurity, the band gap is reduced which is attributed to extra electrons of N impurity. The extra electrons of N impurity provide additional electronic states in the vicinity of Fermi level causing reduction in the band gap. Thus, the semiconducting tube transformed into the semimetallic tube. The concerned DOS is depicted in Figure 12 showing high DOS in the vicinity of Fermi level and the low magnitude states crossing the Fermi level confirm the semimetallic nature. Again if we increase the concentration of N atoms to two, the energy states become more and more close to Fermi level and finally intersect it as shown in Figure 13 . The nitrogen atoms are connected to three atoms of boron and transfer charge to N atoms which gives rise to high conductivity. Here, the bands are also flat, indicating large effective mass results in high conductivity. The corresponding DOS is shown in Figure 14 , and one can observe high DOS at Fermi level. Here, the DOS is shifted towards high energy side in comparison to one N-atom doping.
Thus, nitrogen doping in BNTs enhances both stability [34] and conductivity in comparison to pristine ones. However, nitrogen doping in CNT gives high conductivity and low stability in contrast to pristine ones [30] [31] [32] [33] . Moreover, it is also noteworthy here that N-doped chiral (4,2) BNT is Advances in Condensed Matter Physics 7 found to be semimetallic. In contrast, CNT, BNNT, SiCNT, and pristine BNT all are found to be semiconducting. The band gap of N-doped BNT is smaller than those of BNNT and SiCNT which suggest its applications for small band gap semiconducting devices.
Conclusion
In summary, we performed first principles calculations for exploring the effect of nitrogen impurity on the electronic properties of boron nanotubes of diameter below 5Å. It is found that the nitrogen impurity (N) enhances the conductivity of armchair (3, 3) BNT. Therefore, the (3,3) BNTs are the most desirable candidate for field emission devices and metallic contacts. In contrast, the (5,0) BNT doped with nitrogen is observed to be semiconducting. Further, the chiral (4,2) BNT which is semiconducting in its pristine form turns into narrow band gap semiconductor or semimetals after nitrogen doping. Thus, the nitrogen impurity reduces the band gap in chiral BNT. Consequently, nitrogen doping has significant effect on chiral and achiral nanotubes. Experimental workers are warranted to verify our findings.
